Far-infrared absorption of an In 0.2 Ga 0.8 As/GaAs multiple-quantum-well infrared photodetector employing a p -n -p camel diode structure is studied. The detector showed a photocurrent response to normal incident light at approximately 3 m due to the intersubband hole transition, which is attributed to the strong hole-band mixing of the strained multiple quantum well. Application of the camel diode structure to the photodetector substantially reduced the dark hole current, resulting in an improved detectivity.
Quantum-well infrared photodetectors ͑QWIPs͒ utilizing intersubband transitions have been widely investigated during the past years. 1, 2 A wide variety of QWIPs using the electron intersubband transition, which respond to the optical wavelength of 3-5 or 8 -12 m within the atmospheric transmission windows, were reported. 3, 4 It is well known that intersubband transitions between electronic states in quantum wells are strongly polarized along the confinement potential direction. 5 Thus, QWIPs utilizing the electron intersubband transition usually employ grating couplers or corrugated structures to couple the normal incident infrared radiation since the normal incident absorption is forbidden according to the selection rule. [5] [6] [7] [8] [9] A normal incident infrared absorption of QWIPs can also be achieved by the use of hole intersubband transitions, where the strong hole-band mixing of a multiple-quantum-well ͑MQW͒ might allow normal incident absorptions. 10, 11 While the detectivity of infrared detectors is strongly dependent on the dark current, there have been few reports which address issues related to material structures for reducing the dark current. 12, 13 In this letter, the normal incident infrared absorption of a MQW utilizing the hole intersubband transition and the reduction of the dark current by the use of a p -n -p camel diode structure are reported.
The QWIP epitaxial layer structure, shown in Fig. 1 , was grown by V80H-10K compound source molecular-beam epitaxy on a semi-insulating GaAs͑100͒ substrate. The schematic cross section of the device and the energy-band diagram along with the polarity of the diode bias voltage are shown in Fig. 2 . The active region of the detector consists of ten periods of 5 nm undoped In 0.2 Ga 0.8 As strained quantum wells separated by 20 nm undoped GaAs barriers. Unlike the conventional p -i -p QWIP layer structure, the QWIP employing a p -n -p camel diode structure has an 8 nm n ϩ ␦-doped region just below the active region. As can be seen in the energy-band diagram, the n ϩ ␦-doped layer generates a potential barrier for hole that plays an important role of inhibiting the dark hole current.
QWIPs having a 75ϫ75 m 2 active area were fabricated. The current-voltage characteristics of the QWIP were measured using an HP4145B semiconductor parameter analyzer. Figure 3 shows dark currents of the detector as a function of the bias voltage with the temperature as a parameter. The dark current of a conventional p -i -p QWIP with a similar active area ͑50ϫ50 m 2 ͒ measured at 77 K is also shown for comparison. 10 Note that the dark current of the detector measured at the same temperature was reduced drastically by the introduction of the potential barrier induced by the n ϩ ␦-doped region. While the I -V characteristics of the conventional p -i -p QWIP showed a symmetrical behavior, those of the detector employing a p -n -p camel diode structure showed an asymmetrical behavior due to the potential barrier. It is interesting to note that the location of the dark current minimum was dependent on the measurement temperature and the direction of the bias voltage sweeping. Figure 4͑a͒ shows the photoluminescence ͑PL͒ spectra of the p -n -p QWIP structure measured at 10 K. Two major peaks at 823 and 923 nm were observed, which correspond to interband transitions of the bulk GaAs and the excitonic transition in the MQW, respectively. The full width half maximum of the peak at 923 nm was approximately 8 meV, indicating the quality of the quantum wells. Figure 4͑b͒ shows the normalized interband absorption photocurrent spectra measured at V D ϭϪ1.2 V and the temperatures of 300 and 10 K. The intensity of the peaks measured at 300 K was more than 50 times larger than that measured at 10 K. The peaks observed in the PL and photocurrent spectra are closely related. The minimum in photocurrent spectra observed at around 825 nm for the 10 K measurement is due to the absorption in the p-type GaAs Ohmic layer on top of the MQW. The peaks at longer wavelength are attributed to the excitonic transition in the MQW. The other peaks at shorter wavelength ͑ϳ850 nm͒ measured at 10 K are attributed to the combination of transitions between HH1 and En (n Ͼ1) and between E1 and HHn (nϾ1). The interband photocurrent responses were very strong due to the amplification of photocurrent, which is a typical characteristic of the camel diode structure. Accumulation of photoexcited electrons at the hole barrier region induces the lowering of the barrier, which results in increased photocurrent. Figure 5 shows the bias dependence of the photocurrent spectra induced by hole-subband transitions. For the measurement of photocurrent spectra within the wavelength range of 2-5 m, a filter having a cutoff wavelength of 2.5 m was placed between the detector and the output port of the spectrometer to eliminate any harmonics generated by the monochromator. The photocurrent response to the normal incident light is ascribed to the strong hole-band mixing in the MQW. The peak at ϳ3 m is from the transition between the first heavy-hole state and continuum states. The smaller peak at ϳ3.6 m, which appeared as the bias voltage was increased, may be attributed to the transition between the second heavy-hole state and continuum states. The second heavy-hole state was approximately 60 meV below the first heavy-hole state according to a simple calculation, which corresponds to the energy difference between the two peaks. /W. In summary, an InGaAs/GaAs QWIP employing a p -n -p camel diode structure was characterized. The detector showed a peak photocurrent response to the normal incident light having a wavelength of approximately 3 m due to the hole-subband transition. Reduction of the dark hole current by the use of the p -n -p camel diode structure was very effective for increasing the detectivity of the QWIP.
